Conventional x-ray microscopy is negatively affected by weak absorption contrast. Zernike solved the corresponding problem in the visible by introducing a quarter-wavelength shift in the relative phase of specimen-scattered and unscattered waves [1] . This enhances the contrast by small phase differences between waves scattered by different specimen areas.
The absorption for hard x rays is typically weaker than for visible light; thus, x-ray microscopy can greatly profit from the Zernike contrast [2] [3] [4] [5] [6] [7] [8] [9] [10] . Previous results in the 1990s concerned soft x rays [3, 4] . In recent years, 0:3 μm and 60 nm Zernike resolution was achieved for 9 and 4 keV photons [5, 6] and then 40-50 nm at 8 keV [7, 8] .
Recently, absorption microscopy at 8 keV reached a 30 nm resolution [11] , a milestone for biomedical imaging of thick specimens. Could Zernike phase contrast reach this milestone? We present here positive evidence: Fig. 1 shows one of the supporting tests. Figures 1(a) and 1(b) are micrographs of a 180 nm thick Au star nanopattern without and with Zernike phase shift. The contrast enhancement of Fig. 1(b) is evident; intensity profiles [e.g., Fig. 1(c) ] quantitatively demonstrate a contrast increase by >3.
As to spatial resolution, the power spectrum analysis (PSA) of These results were obtained with a newly developed x-ray transmission microscope facility (described in [11] ) at the Advanced Photon Source (APS), Argonne National Laboratory. Figure 2 (a) shows its optical layout; the main components are a capillary condenser to focus the x rays on the sample, a pinhole to eliminate unwanted illumination, a precision sample stage, a Fresnel zone plate (FZP) objective, the detector (a thin CsI scintillator and a CCD plate) and a Zernike phase ring [ Fig. 2(b) ]. The system is connected to the 32-ID undulator beamline, with a double-bounce Si(111) crystal monochromator.
The facility is equipped with interchangeable objectives acting as phase FZPs, fabricated by the Academia Sinica (Taipei), with a combination of electron-beam writing and electrodeposition [11] . The outer zone width is either 30 or 45 nm, and the absorber is 450 or 700 nm thick Au; different FZP diameters provide optimal focusing for 8-12 keV photon energies. The space frequency bandwidth reaches 35 μm −1 . Depending on the Au thickness, the FZP efficiency is 1% or 3%, <5% of the theoretical values, a loss attributed to slight pattern imperfections and reduced Au density yielded by electrodeposition. The detector pixel resolution is 5 nm.
The Zernike phase ring, located [ Fig. 2(b) ] at the condenser conjugate plane (near the back focal plane of the objective zone plate), is made of electroplated Au on a silicon nitride membrane. Its thickness is selected to phase shift the incident radiation beam by 3π=2 for the following reason. For weak scattering, the phase transmittance function is expðiΩÞ ≈ 1 þ iΩ and its magnitude is 1. A 3π=2 phase shift of the incident beam changes the phase factor to ≈ − i þ iΩ, magnitude ≈1 − 2Ω, making the object image darker and more visible. This is better than a π=2 shift that would give a phase factor ≈ i þ iΩ, magnitude ≈1 þ 2Ω and a brighter object image. In fact, except for a pure phase object, x-ray absorption is also present and works against the effects of the π=2 shift but enhances those of the 3π=2 shift.
Alignment is critical: a "Bertrand lens" [12] (a limitedresolution FZP) is used to position the phase ring with respect to the unscattered annular illumination of the sample. This lens images at the detector the illumination at the condenser conjugate plane. All condensers are optimized for phase contrast. This means that the annular illumination is narrow: the illuminated area is ≈ 10% of the FZP area; thus most of the scattered x rays are unaffected by the phase ring and can produce phase contrast.
Our key objective, lateral resolution, required a careful analysis of aberrations and artifacts. To assess thicknessrelated effects, we tested at 8 keV three rings with thickness of 2.5, 2.6 (optimal), and 2:7 μm, and the same width and diameter, 4.5 and 68 μm. The 2.5 and 2:7 μm rings produced very limited contrast in images like Fig. 1 , while causing circular blurring and strong differential contrast in the outer image region due to phase aberrations.
We assessed these effects by PSA of the images after pixel-by-pixel multiplication by a Hanning window function to avoid edge effects. The two-dimensional Fourier transformation of the image was squared and azimuthally integrated over 2π. The resulting PSA curves show that frequency cutoff is worse for the nonoptimal thicknesses. PSA also revealed aberrations effects caused by the ring diameter. On the other hand, we could improve the resolution by fine tuning the photon energy in 50 eV steps: the optimum value was 7:95 keV. Figure 3 shows results for nearly phase objects, polystyrene particles [ðC 8 H 8 Þ n ], at 8 keV, where the refractive index is n ¼ 1 − δ − iβ with δ ¼ 3:88 × 10 −6 and β ¼ 5:58 × 10 −9 . The absorption images, Figs. 3(a)-3(c) , in focus or slightly out of focus, only show edge-enhanced contrast, whereas the Zernike image [ Fig. 3(d) ] reveals contrast enhancement by a factor ≈2. Figure 4 shows the importance of <30 nm resolution for biology specimens. An absorption image of an EMT (transplantable murine mammary carcinoma) cell is shown together with two phase contrast images obtained with Zernike rings with the same thickness and diameter and different widths. The width-optimized ring (4:5 μm) gives the best image, Fig. 4(c) , whereas the others are more blurred. PSA [ Fig. 4(d) ] corroborates this conclusion. Such effects are even stronger in Fig. 5 , showing an EMT cell cocultured with Au nanoparticles.
The Zernike ring can eliminate other problems affecting absorption images, such as spherical aberration [13] and the noise related to the synchrotron light coherence [14] . Note, however, that x-ray Zernike phase contrast is not beneficial for all samples. For thick (several micrometers) specimens, it can decrease the contrast with respect to absorption because of phase shifts from areas slightly below or above the focused plane. For wide specimens, it can reduce the contrast for the object center due to the "shading off" effect [15] . It can also produce halo effects affecting the sample morphology analysis.
These issues notwithstanding, a 30 nm resolution is a remarkable progress for hard x-ray microscopy (for reference see, e.g., [9] and [10] ), and Zernike contrast at this resolution opens opportunities not only in biology, medicine, and bioengineering but also in materials science and other areas.
